A hybrid protein [Met-Ala-(His) 6 OprF 190-342 -OprI 21-83 ] consisting of the mature outer membrane protein I (OprI) and amino acids 190 to 342 of OprF of Pseudomonas aeruginosa was expressed in Escherichia coli and purified by Ni 2؉ chelate-affinity chromatography. After safety and pyrogenicity evaluations in animals, four groups of eight adult human volunteers were vaccinated intramuscularly three times at 4-week intervals and revaccinated 6 months later with either 500, 100, 50, or 20 g of OprF-OprI adsorbed onto A1(OH) 3 . All vaccinations were well tolerated. After the first vaccination, a significant rise of antibody titers against P. aeruginosa OprF and OprI was measured in volunteers receiving the 100-or the 500-g dose. After the second vaccination, significant antibody titers were measured for all groups. Elevated antibody titers against OprF and OprI could still be measured 6 months after the third vaccination. The capacity of the elicited antibodies to promote complement binding and opsonization could be demonstrated by a C1q-binding assay and by the in vitro opsonophagocytic uptake of P. aeruginosa bacteria. These data support the continued development of an OprF-OprI vaccine for use in humans.
A hybrid protein [Met-Ala-(His) 6 OprF 190-342 -OprI ] consisting of the mature outer membrane protein I (OprI) and amino acids 190 to 342 of OprF of Pseudomonas aeruginosa was expressed in Escherichia coli and purified by Ni 2؉ chelate-affinity chromatography. After safety and pyrogenicity evaluations in animals, four groups of eight adult human volunteers were vaccinated intramuscularly three times at 4-week intervals and revaccinated 6 months later with either 500, 100, 50, or 20 g of OprF-OprI adsorbed onto A1(OH) 3 . All vaccinations were well tolerated. After the first vaccination, a significant rise of antibody titers against P. aeruginosa OprF and OprI was measured in volunteers receiving the 100-or the 500-g dose. After the second vaccination, significant antibody titers were measured for all groups. Elevated antibody titers against OprF and OprI could still be measured 6 months after the third vaccination. The capacity of the elicited antibodies to promote complement binding and opsonization could be demonstrated by a C1q-binding assay and by the in vitro opsonophagocytic uptake of P. aeruginosa bacteria. These data support the continued development of an OprF-OprI vaccine for use in humans.
Pseudomonas aeruginosa is a leading cause of nosocomial infections and pneumonia in hospitals (15, 21, 28) . The pathogen affects mainly immunocompromised patients, such as patients with large burns (36, 44, 45) , or patients undergoing immunosuppressive or cytostatic therapy for the prevention of rejection after organ transplantation (33) or for cancer treatment (22, 51) . Eradication of Pseudomonas infections is hampered, since strains isolated in hospitals are highly resistant to antibiotics (23, 24, 31, 47, 49, 56) .
The effectiveness of vaccination against P. aeruginosa infection in burn patients was demonstrated 20 years ago (1, 32, 37) . However, the polyvalent vaccine, which was based on isolated lipopolysaccharides (LPS) of P. aeruginosa serotypes, was not approved for routine clinical use because of the toxicity associated with the lipid A portion of the LPS. Subunit vaccines based on oligosaccharides purified from LPS conjugated to P. aeruginosa exotoxin (5-7) or mucoid exopolysaccharide (alginate) of P. aeruginosa (40) (41) (42) (43) were shown to be less toxic and have been used successfully to elicit antibodies in a number of volunteers and groups of patients (6, 7, 40, 43) . However, currently no clinical vaccine against P. aeruginosa for which safety and efficacy have been shown in clinical trials with patients from one of the major risk groups for nosocomial P. aeruginosa infection is available for routine use. Our research during the last decade has been focused on the development of a vaccine against P. aeruginosa based on its outer membrane proteins (OPRs). A vaccine based on OPRs may have several advantages. OPRs, which induce cross-protective immunity among all 17 known P. aeruginosa serotypes (38) , can be produced by recombinant DNA technology free of contaminating P. aeruginosa LPS. Additionally, cloned genes of OPRs would be applicable for naked DNA immunization (4, 8) or could be transfected into special vectors such as nonpathogenic Salmonella strains to induce a mucosal immune response (34, 50) . The efficacy of OPRs as a vaccine candidate was shown by us and other research groups (12, 13, 18, 19, 35, 52, 53) in various animal models. We have cloned the major OPRs, outer membrane protein F (OprF) (9) and OprI (10) . Recombinant OprI was expressed in Escherichia coli and used to vaccinate human volunteers (54) . Vaccination was well tolerated. In addition, the elicited antibodies against P. aeruginosa promoted complement-dependent opsonization of P. aeruginosa. Compared to LPS antigens, OprI represents a rather small target for protective antibodies on the bacterial surface. We have therefore recently generated a recombinant hybrid protein consisting of the entire OprI molecule fused to the carboxy-terminal sequence (amino acids 190 to 342) of OprF (53) . The presence of the main known protective epitopes (14, 16, 20, 25) of both proteins was demonstrated in the hybrid protein. This hybrid protein could be expressed as a glutathione S-transferase (GST)-linked fusion protein (GST-OprF 190-342 -OprI ) in E. coli. In two different models involving P. aeruginosa infection of immunocompromised mice, the vaccine proved to be highly protective (53) . The use of GST as a constituent of a clinical vaccine in humans, however, cannot be approved because of the induction of a high GST-specific, nonvaccinerelated immune response, which may lead to cross-reacting autoantibodies. We therefore directed our attention toward the cloning of an OprF-OprI hybrid protein which can be expressed in E. coli without a fusion component. Because the expression of OprF 190-342 -OprI 21-83 without a fusion protein in E. coli was not successful due to rapid degradation of the hybrid protein, modifications with various extensions of the hybrid protein were tested (14) . Finally, two recombinant vaccine candidates could be expressed as histidine-tagged fusion proteins and tested in immunosuppressed mice (55) . One of them, Met-Ala-(His) 6 OprF 190-342 -OprI , was found to be partly soluble and was found in the pellet as well as in the supernatant of ruptured E. coli bacteria. Therefore, this protein could be purified under native conditions from the supernatant as well as from the inclusion bodies by solubilization under denaturing conditions with 6 M urea, followed by subsequent renaturation. The second candidate, OprF 179-342 -OprI 21-83 (His) 6 , remained totally soluble when expressed in E. coli. Therefore, the entire process of isolation and purification could be performed under native conditions.
Only one of the vaccine candidates, Met-Ala-(His) 6 OprF 190-342 -OprI 21-83 isolated and purified under native conditions, showed significant protection against experimental P. aeruginosa infection in mice (55) . We now present data demonstrating that Met-Ala-(His) 6 OprF 190-342 -OprI 21-83 was isolated and purified from E. coli to yield a clinically applicable vaccine that was successfully used without any apparent side effects for the vaccination of human volunteers against P. aeruginosa.
SDS-polyacrylamide gel electrophoresis and Western blotting. Proteins were separated in sodium dodecyl sulfate (SDS)-polyacrylamide gels as described in detail elsewhere (46) and electroblotted onto a nitrocellulose membrane according to standard procedures at 0.8 mA/cm 2 . Proteins were visualized by staining with Coomassie brilliant blue G250, by silver staining (Silver Xpress; Novex, San Diego, Calif.), or by immunodetection with rabbit anti-OprF ␣D1 antibody diluted 1:500, anti-OprF mouse monoclonal antibodies against epitopes D1 (1: 10,000), D2 (1:5,000), D5 (1:7,500), or D6 (1:5,000) or mouse monoclonal antiOprI antibodies (2A1 and 6A4) diluted 1:10,000 (13, 46) . E. coli impurities were detected with rabbit anti-E. coli 11179 diluted 1:500. Specifically, membranes were blocked in freshly prepared 25 mM sodium phosphate, 150 mM NaCl, 0.05% Tween-20 (PBST), plus 5% low-fat milk powder (MP) (pH 7.5) for 1 h at room temperature (RT). After a short wash, specific antisera prepared in 1% MP in PBST were added for 1 to 2 h at RT or overnight at 4°C followed again by a short washing. Then anti-mouse or anti-rabbit horseradish peroxidase-conjugated antisera were added at a dilution of 1:5,000 in the same buffer as the sera described above for 1 h. The blot was developed by enhanced chemiluminescence substrate and exposure to a standard X-ray film. Western blot analysis of native P. aeruginosa OprF and OprI with sera from vaccinated volunteers was carried out as described previously (13) .
Vaccine preparation. Recombinant OprF-OprI was adsorbed to A1(OH) 3 (Alhydrogel; Superfos, Vedbaek, Denmark), and thimerosal (Caesar & Lorenz, Hilden, Germany) was added as a preservative. A thimerosal stock solution was prepared with a sterile, pyrogen-free physiological saline solution. For the 1 mg of vaccine/ml preparation, a dispersion of 3% (wt/vol) of A1(OH) 3 was mixed with the OprF-OprI solution and the thimerosal stock solution to yield the following final concentrations: OprF-OprI, 1 mg/ml; A1(OH) 3 , 3 mg/ml; and thimerosal, 0.05 mg/ml. A1(OH) 3 and the OprF-OprI solution were mixed and stirred for 30 min, and the thimerosal solution was then added, followed by additional stirring for 10 min. For the 0.1 mg/ml OprF-OprI vaccine preparation, pyrogen-free physiological saline solution was added to yield final concentrations of 0.1 mg of OprF-OprI/ml, 0.3 mg of A1(OH) 3 /ml, and 0.05 mg of thimerosal/ ml. Aliquots (1 ml each) were aseptically introduced into sterile pyrogen-free glass vials, and the vials were stoppered and sealed.
Quality assessment. Ten percent of the samples of both vaccine preparations were sent for routine testing for sterility. Five samples of the 1 mg/ml preparation were analyzed at the Chemische Landesuntersuchungsanstalt (Freiburg, Germany) by atom adsorption spectrometry for nickel, mercury, and aluminum content.
Extraction of DNA from the recombinant OprF-OprI vaccine. Five hundred microliters of the recombinant vaccine corresponding to 500 g of protein was extracted by chloropane according to standard protocols. To enhance the precipitation of low DNA contents, the protein solution was supplemented with 500 ng of yeast tRNA prior to extraction. Nucleic acids were precipitated by isopropanol. The extraction method was validated with the original vector pTrcHisFI used as a control plasmid.
PCR. Aliquots of the isolated nucleic acids were used in a PCR containing 5 l of template, 0.1 M primer FINfor (5Ј-GCTCCGGCTCCGGAACC-3Ј), 0.1 M primer FINrev (5Ј-CTTGCGGCTGGCTTTTTCC-3Ј), 0.2 M each deoxynucleoside triphosphate, 1.5 mM MgCl 2 , and 2 U of Taq polymerase (Qiagen) in 50 l of Taq buffer. PCR was carried out with 40 cycles at 96°C for 30 s, 64°C for 30 s, and 72°C for 1 min. PCR products were analyzed by agarose gel electrophoresis and detected by ethidium bromide staining.
The LPS content in three samples was measured by the Limulus lysate assay (Limusate; Labtech, St. Louis, Mo.).
The pyrogenicity of the OprF-OprI preparation was evaluated in three samples, each taken before the addition of A1(OH) 3 and thimerosal. One milliliter of the OprF-OprI solution, diluted to 1 mg/ml, was injected into the ear veins of each of three New Zealand White rabbits. The body temperature of the animals was continuously monitored for 3 h with a rectal temperature recorder.
Local tolerance of the vaccine was assessed in Wistar rats. Eight rats (250 g each, four male, four female) were anesthetized with ether, and each animal was injected with 0.25 ml of vaccine (1 mg/ml) in the left rectus femoris and 0.5 ml of vaccine in the right rectus femoris. Four control animals received injections of equal volumes of sterile saline solution. The injection sites were shaved and disinfected beforehand. After 13 days, the animals were killed by CO 2 inhalation, and after macroscopic inspection, both quadriceps were fixed in formalin and sent for histological examination.
Vaccination study. Thirty-two healthy volunteers (16 men, 16 women; Ͼ18 years of age) gave their informed consent in accordance with institutional review board-approved protocols. As specified by the German regulations for vaccination studies, protocols concerning the preparation of the vaccine and the laboratory and animal safety testing of the vaccine were deposited at the Paul Ehrlich Institute, Langen, Germany. Volunteers were randomly assigned to four groups, and each received in the deltoid muscle of the left arm three injections of either 20 g (0.2 ml of 100 g/ml), 50 g (0.5 ml of 100 g/ml), 100 g (0.1 ml of 1 mg/ml), or 500 g (0.5 ml of 1 mg/ml) of OprF-OprI at 4-week intervals. Six months after the third vaccination, a booster vaccination was given. All volunteers underwent a physical examination, and their histories were taken to rule out any conditions necessitating exclusion from the study. Before each vaccination and 2 and 14 days after each vaccination, blood samples were taken and sent to the clinical laboratory for a complete blood count and evaluation of liver-specific enzymes, creatinine, and urea. Reactions to the vaccine were assessed for 3 consecutive days and documented by the volunteers. Local and systemic responses were graded with a subjective scale from 0 to 3, with scores representing absent, mild, moderate, and severe reactions, respectively. Vaccinees were instructed to take their temperature before vaccination and 12, 24, 48, and 72 h afterward. In addition, each volunteer underwent a physical examination 2 days after vaccination.
For the determination of OprF-and OprI-specific antibodies, venous blood samples were taken on day 0 (prior to immunization) and 2 weeks after each vaccination. Sera were stored in aliquots at Ϫ20°C.
Analysis of immune response. An enzyme-linked immunosorbent assay (ELISA) was used for analysis of antibodies of the immunoglobulin G (IgG) class and IgG subclasses elicited in response to OprF-OprI. Briefly, 96-well microtiter plates (module U8 BL 7217786 B-type; Nunc Immunology) were coated with 125 l of an OprF-OprI preparation per well, diluted at 10 g/ml in PBS (pH 7.5), and incubated at RT for 18 h. The plates were washed and blocked with 200 l of 0.2% bovine serum albumin (BSA), 50 mM Tris-HCl (pH 7.4), 50 mM citric acid, 100 mM NaOH. One hundred microliters of the sera diluted at 1:100 in 800 mM Tris-HCl (pH 7.4), 800 mM NaCl, 0.1% Haemaccel, 5% Boviserin, and 0.1% Synperonic F68 was added in duplicate, and twofold serial dilutions were performed. Plates were incubated for 1 h at 37°C and subsequently washed with washing buffer (OSEW 96; Dade Behring).
Binding was visualized with peroxidase-conjugated, IgG-specific rabbit antihuman secondary antibodies (63AP011; Dade Behring), diluted 1:10,000 in dilution buffer (50 mM Tris-HCl [pH 7.2], 1.15 M NaCl, 2% Tween, 0.1% BSA, 10% glycerin), with tetramethylbenzidine (TMB) as chromogen. The plate was incubated with the conjugate for 1 h at 37°C and washed again. One hundred microliters of substrate (1 ml of chromogen TMB Behring OUVG 925 and 10 ml of dilution buffer TMB Behring OUVG 945) was added to each well. After 30 min of incubation at RT, the reaction was stopped with 1 M sulphuric acid. Washing, addition of the conjugate, and reading of the plates (A4501650) were done with the Behring ELISA processor II. The titer was calculated with ELDAN1.3 software. ELISA titers were specified as the last dilution of the sample whose absorbance was above the threefold background value.
To detect IgG subclasses, the assay was performed essentially as described above with secondary antibodies against IgG1 to IgG4 from CLB (Amsterdam, The Netherlands). Pure human IgG subclasses (Calbiochem) were used to adjust the appropriate dilutions.
Western blot analysis of the reaction of recombinant OprF-OprI, OprI, and OprF and native P. aeruginosa OPR with the sera of vaccinated volunteers was performed as described above.
C1q-binding assay. C1q binding was assayed as previously described (11, 54) . Briefly, microtiter plates were coated with recombinant OprF-OprI as described above. After nonspecific binding sites were blocked, 50 l of heat-inactivated 1.4-diluted serum and 50 l of complement source were added. Human AB serum from an unvaccinated blood donor tested for a low titer of OprF-OprI antibodies was used as the complement source. The optimal concentrations of complement source and serum dilution had been evaluated before by serial dilutions. After incubation for 1 h at 37°C, the plates were washed and 50 l of diluted peroxidase-linked anti-C1q antibodies (The Binding Site, Birmingham, England) was added. Binding was visualized as described previously, with OPD as a substrate (54) .
Opsonic phagocytosis by PMNs. The ability of the sera to mediate the opsonophagocytic uptake of P. aeruginosa by human polymorphonuclear leukocytes (PMNs) was assessed as described previously (17) . All sera were heated at 56°C for 30 min to inactivate complement. Cultures of strain ATCC 27313, which is a Fisher-Devlin immunotype 2 strain (16), were diluted to a cell density of 10 8 cells/ml for use in the assay. The reaction mixtures included 50 l of bacterial culture plus 50 l of serum. These mixtures were incubated for 30 min at 37°C with shaking. Then, 100 l of human venous blood was added to each mixture, and this final combination was incubated for 30 min at 37°C with shaking. Blood smears were prepared from each of the reaction mixtures and stained with Giemsa stain. Each smear was examined microscopically, and the number of bacterial cells per slide contained within the first 25 isolated, intact PMNs encountered was determined. Two different slides for each serum were examined in this fashion. Three repeat experiments were performed, so that 150 PMNs were examined for each serum. The mean number and standard deviation of bacterial cells associated per PMN were calculated for each reaction mixture.
Statistics. The Kruskal-Wallis rank test was used for intragroup comparison of immune responses, and the Mann-Whitney U test was used for intergroup comparison of immune responses. A paired, two-tailed Student's t test was used for comparison of the mean numbers of bacteria associated with PMNs in the opsonophagocytic assay. A P value of Ͻ0.05 was considered significant.
RESULTS
Characterization of the vaccine preparation. At the end of the fermentation process, 1.7 kg of wet cell mass of E. coli was harvested from a 10-1 fermentor. The cells were aliquoted into 130-to 150-g portions and stored at Ϫ80°C. The presence of OprF-OprI was checked by SDS-polyacrylamide gel electrophoresis and Western blotting, and the protein content of the soluble hybrid antigen fraction was estimated to be approximately 1 mg per ml of culture. About 25 to 30% of the recombinant protein Met-Ala-(His) 6 OprF-OprI expressed in E. coli was found in the supernatant of ruptured E. coli cells, whereas the rest remained insoluble in the cells. The described purification procedure focused only on the purification of the soluble material. In summary, for the production of approximately 100 mg of native Met-Ala-(His) 6 OprF-OprI hybrid protein, 85 g of cell mass was needed.
The soluble fraction of recombinant Met-Ala-(His) 6 OprF 190-342 -OprI 21-83 protein was purified by Ni 2ϩ -chelateaffinity chromatography (27, 48) . Contaminating E. coli LPS could be precipitated at pH 5.9. The purity of the final vaccine protein and the presence of its antigenic epitopes were determined by SDS-polyacrylamide gel electrophoresis and Western blotting. Coomassie staining after electrophoresis (Fig. 1, lane  7) showed one main band at 33 kDa. After silver staining (Fig.  1, lane 6) , additional low-and high-molecular-weight bands were visualized. Three high-molecular-mass bands (60 to 90 kDa) were identified by Western blotting with an E. coli-specific antibody to represent E. coli impurities (Fig. 1, lane 2) . All other bands reacted with either OprI-or OprF-specific antibodies and thus appear to be degradation fragments or aggregates (trimers) of OprF-OprI (Fig. 1, lanes 3 to 5, 100-kDa  band) . The correct expression of OprI-and OprF-relevant antigenic epitopes could be demonstrated by Western blotting with a panel of monoclonal antibodies against epitopes D1 and D5 (Fig. 1a, lanes 3 and 4) and D2 and D6 (data not shown) of OprF, and against the protective epitope of OprI (13) recognized by monoclonal antibody 2A1 (Fig. 1, lane 5) and the bands were visualized by silver staining. BSA (5 to 100 ng) was used as a standard. The intensity of the E. coli-positive bands was compared with those of the standard dilutions (data not shown). From this it was calculated that each of the three bands at about 70 kDa, which cannot be attributed to OprF or OprI, represents less than 2/1,000 of the total OprF-OprI protein preparation. The purity of the vaccine protein was thus Ͼ98%. The endotoxin content of the final product was determined with the Limulus assay to be 25 endotoxin units/mg of product. By PCR amplification, no more than 500 pg of DNA per mg of OprF-OprI protein could be detected. The sensitivity of the PCR method under the described conditions was found to be 0.5 pg of plasmid pTrcHisFI. The highest dose of vaccine (500 g of protein) therefore contained no more than 250 pg of DNA, and the 100-g dose contained no more than 50 pg of DNA.
The nickel content was below the detection limit of the assay (0.2 mg/kg). The amounts of mercury and aluminum measured were found to correspond to the amounts added to the vaccine. None of the samples assessed for sterility yielded microbial growth.
Local tolerance of the vaccine was evaluated in rats after intramuscular injection of 0.25 and 0.5 ml of vaccine (1 mg of OprF-OprI/ml). Histological examination of the injection sites showed signs of inflammation with focal infiltration of lymphocytes due to the alum adjuvant. No rise in body temperature was measured after injection of 1 mg of OprF-OprI protein into the ear veins of three rabbits.
Response to vaccination in human volunteers. Four groups of eight volunteers each were vaccinated three times at 4-week intervals with either 20 (group 1), 50 (group 2), 100 (group 3), or 500 (group 4) g of OprF-OprI protein adsorbed onto A1(OH) 3 . Those of the 32 vaccinated volunteers who had received the 0.1-and 0.5-ml doses of the 1 mg/ml-concentration (groups 3 and 4) complained of mild pain at the injection site, which disappeared after 3 days. No local side effects, such as an inflammatory response, were observed. Systemic reactions, such as a rise in body temperature, headache, or general illness were not observed after vaccination. During the safety clinical laboratory evaluations, four volunteers from group 4 showed increased levels of the C reactive protein (1.0, 1.3, 3.0, and 4.2 mg/dl; normal range, 0 to 0.8 mg/dl). The leukocyte counts of these volunteers were measured in the normal range, and the alterations were observed only once in each of the patients and after different vaccination time points. Six months after the third vaccination, one volunteer (group 1, no. 8) was excluded from the study in accordance with protocol because of arthritis in his left knee joint, which became apparent 3 months after the third vaccination.
Analysis of the immune response. Before each vaccination and 2 weeks after each vaccination, antibody titers against OprI, OprF, and OprF-OprI were determined by ELISA.
As shown in Fig. 2a to d , there was a significant increase in antibody titers within all the different dosage groups. The specificity of the antibodies against native P. aeruginosa OprF and OprI was confirmed by Western blotting (Fig. 3) . Wild-type OprI (6 kDa) and OprF (33 kDa) were both recognized by the   FIG. 2 . Serum anti-OprF-OprI IgG ELISA titers measured in sera from volunteers. Groups of volunteers were vaccinated intramuscularly three times with 20 g (a), 50 g (b), 100 g (c), or 500 g (d) of OprF-OprI at 4-week intervals and 6 months after the third vaccination. Blood was taken before each vaccination (day 0) and 2 weeks after each vaccination. Key: , day 0; ,,, immunosera. Two low responders, subjects 1 and 8 in group 2, were observed (Fig. 2b) . Considerable differences were observed between dosage groups and between volunteers in the same dosage group.
Statistical analysis showed that after only one vaccination, a maximal response was observed for groups which received the 100-or 500-g dose (Table 1) . No statistically significant increase of specific antibody titer was measured in these groups after the first and second revaccinations. After vaccination with the 20-g OprF-OprI dose, a significant antibody response was measured only after revaccination. However, individual volunteers (no. 7, group 1) already showed a maximal response after the first dose.
Six months after the third vaccination, antibody titers against OprF-OprI were still significantly elevated in all groups. After the booster vaccination a 3-to 10-fold increase of specific antibody titers was measured. One volunteer in each of groups 2 to 4 had relocated and was unavailable for this booster vaccination.
Protection against P. aeruginosa is mediated in humans by specific IgG1 antibody and both antibody-mediated and complement-mediated phagocytosis (30) . To address the question of whether the vaccine would be protective in patients, IgG subclasses of antibodies against OprF-OprI were determined. In all groups a significant increase in IgG1 antibodies was observed (Fig. 4) . This increase occurred after the first vaccination in group 4 (the 500-g dose) but after the second boost in the other groups. The increases in the other IgG subclasses, IgG2, IgG3, and IgG4, were only marginal (1:100 to 1:1,000) after the third vaccination (data not shown). C1q-binding assay. To determine whether the elicited antibodies had the potential for promoting antibody-mediated complement-dependent opsonization, we measured by a C1q-binding ELISA (11) the C1q-binding capacity of the sera before immunization and after the third vaccination. As shown in Fig. 5 , a significant increase of C1q binding to antibodies was detected after the third vaccination in all 26 serum samples tested.
Analysis of the opsonophagocytic efficacy of the various sera. Of the 11 antiserum samples (two to three randomly chosen samples from each group) selected for analysis after the (11, 54). The sera were tested before s and after the third vaccination. Plates were coated with OprF-OprI and incubated with 50 l of the respective 1:4-diluted serum and 50 l of complement source. Binding was measured with peroxidase-linked anti-C1q antibodies, and ortho-phenylen-diamine was used as the substrate. third vaccination, 8 had a statistically significant increase in opsonic activity compared to their paired preimmune sera (Table 2). These eight volunteers appeared to be responding to the vaccine preparation and not to a possible previous exposure to P. aeruginosa, since in all eight cases the first vaccination alone failed to boost opsonic activity. Five of the eight positive antiserum samples had a mean for their preimmune sera similar to the mean obtained with normal, unimmunized human sera. These five antiserum samples had opsonic ratios ( Table 2 ) that exceeded the ratio obtained for the protein F antisera (the positive control). The remaining three positive antiserum samples had ratios of 1.3 to 1.4. However, the means for the preimmune sera for all three individuals were approximately double that of the normal human sera, indicating that these individuals had a higher than normal opsonic activity against P. aeruginosa prior to immunization. Vaccination was still successful in boosting the opsonic activity of the antisera of these individuals after three immunizations. The OprF-OprI hybrid protein vaccine demonstrated the ability to boost the opsonophagocytic activity of the antisera obtained from 73% of the volunteers tested by this assay.
DISCUSSION
Improvements in the treatment of severe burns which allow victims to survive the initial shock phase, aggressive treatment of cancer patients with cytostatic drugs and surgery, and the increasing number of elderly polymorbidic patients make nosocomial infections and sepsis the leading cause of death in surgical intensive care units. The frequency of P. aeruginosa among other gram-negative bacterial infections varies to a large extent at different medical centers (3, 15, 22, 29, 33, 36, 44) . However, the mortality rate of P. aeruginosa septicemia is very high at all medical centers. P. aeruginosa is the main cause of nosocomial pneumonia in the United States (39). Jones et al. showed in a clinical trial with burn patients immunized with a polyvalent P. aeruginosa LPS-based vaccine that overall survival of patients can be improved by vaccination immediately after a burn (32) . This observation and the fact that the majority of patients in other risk groups such as transplant patients or patients undergoing major surgery can be easily vaccinated before the onset of treatment make vaccination against P. aeruginosa, as well as against other nosocomial pathogens, a promising tool to reduce the high incidence of infections and decrease the high costs of intensive care treatment.
We have produced and tested a new vaccine against P. aeruginosa based on a recombinant hybrid protein which expresses the main known protective epitopes of OprF and OprI. After appropriate quality assessment according to our previous trial in volunteers with a recombinant OprI vaccine (54) , three doses of 20, 50, 100, and 500 g of the vaccine were administered at 4-week intervals. No systemic side effects, such as a rise in body temperature, headache, or general illness, were observed. The alterations of the C-reactive protein levels observed in four volunteers of group 4 were not attributed to vaccination, because the leukocyte counts remained in the normal range and the alterations occurred only once. Because the arthritis in the left knee joint of volunteer 8 in group 1 appeared 3 months after the third vaccination, following an extended biking tour, this illness was not attributed to vaccination either. This volunteer had had arthritis in his left knee 4 years previously, also after a biking tour. Local effects were limited to a feeling of pressure after the injection in some of the volunteers who received 100-and 500-g doses. This result can be explained by the fact that these doses contained a 10-fold concentration of A1(OH) 3 compared to those in the lower doses received by groups 1 and 2. No sign of inflammation was observed. With all four different vaccine doses used, a significant increase in P. aeruginosa-specific antibody was observed. A maximal response was observed after the first vaccination for the higher doses of 100 or 500 g. A single-shot a Sera from human volunteers are identified as follows: group number-individual number within group-number of vaccinations received. Protein F sera were collected from mice immunized with purified, intact OprF. Normal sera were collected from unimmunized mice or humans.
b Mean for total of 150 PMNs counted. c Ratio represents the mean number of bacteria associated per PMN in the sera from the volunteers after the third immunization divided by the mean number of bacteria per PMN for the sera before immunization of that individual.
d P values determined by paired, two-tail Student's t test. Values denoted by an asterisk are statistically significant. vaccination leading to protective antibody levels would be advantageous especially for burn patients. In order to investigate the longevity of the induced antibody response, blood was taken from the volunteers 6 months after the third vaccination. In addition, volunteers received a fourth vaccination to investigate the booster response. As shown in Fig. 2 , the vaccinespecific antibody titers were still detectable after a 6-month period, and a significant increase in antibody titers was measurable following the boost. An important question which remains to be answered concerns the protective efficacy of the vaccine under clinical conditions. In experimental animal models, the efficacy of GST-OprF-OprI for protection against P. aeruginosa infection was clearly demonstrated (53) . In mice the protective epitope D5 of OprF and the protective epitope of OprI defined by the monoclonal antibody 2A1 could be identified (16, 53) . Using the appropriate monoclonal antibodies, we were able to prove that these epitopes (Fig. 1) as well as the surface-localized epitope D2 (25) (data not shown) are expressed by the recombinant Met-Ala-(His) 6 -OprF 190-342 OprI 21-83 vaccine preparation. Analysis of the sera of the volunteers indicated that the antibodies recognize mainly the epitope D2 (data not shown). However, in addition to these peptide-defined linear epitopes, antibody-defined conformational epitopes have been associated with protection in mice (25) .
To gain further evidence for the protective efficacy of the vaccine in vitro, two different in vitro assays were performed. Binding of the first complement component to the Fc portion of antibodies bound to the bacterial target is a prerequisite for optimal opsonic phagocytosis. Sera of volunteers before vaccination and after the third vaccination were tested by the C1q-binding assay (Fig. 5) . Immunization with the hybrid OprFOprI vaccine resulted in an increase in complement-binding capacity in the sera of all volunteers tested by this assay. The relevance of C1q binding for protection has been demonstrated before (11, 30) . During previous investigations in mice, we showed that the protective ability of monoclonal antibodies against P. aeruginosa OPRs can be predicted by the C1q-binding assay (11) . Further evidence for the protective potential of the vaccine-induced antibody response was indicated by counting the phagocytized Pseudomonas bacteria after incubation of whole blood phagocytes supplemented with either preimmune serum or serum postvaccination ( Table 2 ). The OprF-OprI vaccine elicited antibodies with significant enhanced opsonic activity in 73% of the volunteers tested. Of the sera from five volunteers, who were tested by both in vitro assays, only two (subject 4 in group 3 and subject 2 in group 4) showed identical positive behaviors. The other three (subject 7 in group 3 and subjects 1 and 2 in group 4) showed significant C1q binding but a lack of opsonophagocytic activity. The differences between the results obtained by the C1q-binding assay and those obtained by the in vitro opsonophagocytosis assay may be explained by the fact that the OprF-OprI protein, and not intact bacteria, was used for C1q-binding evaluation. Thus, the C1q-binding assay reflects only the capacity of the antibodies to bind C1q in the presence of a high density of antigen and not the situation with intact bacteria.
A clinical vaccine against P. aeruginosa has to meet several criteria. The vaccine should be protective, well tolerated, and cheap to produce, and because of the need for swift therapy for patients, a single-shot vaccine would be preferable. At least 17 different serotypes of P. aeruginosa can be identified by the International Antigenic Typing Scheme, which is based on the oligosaccharide expression of O side chains. The vaccine therefore should induce cross-protective immunity against all serotypes. Because the OPRs are highly conserved among all known serotypes (38) , an OPR vaccine could provide such cross-protective immunity, which serotype-specific LPS O-polysaccharide vaccines have been unable to do. Polysaccharide vaccines are also unlikely to be able to provide either protection upon a single immunizing dose or the desired longterm memory responses. The data from the current clinical trial in volunteers show that the OprF-OprI hybrid vaccine meets most of the desired criteria.
A leading polysaccharide vaccine researcher has recently (26) expressed doubts that OPR vaccines elicit antibodies of a potency sufficient to protect humans against infection. Data from one animal study (35) were cited to support this position; in the burned mouse model used, an anti-O-antigen vaccine provided a much higher level of protection against the homologous O-antigen strain than that provided by a protein F vaccine against each of the seven heterologous Fisher-Devlin immunotype strains. However, in that study no effort was made to determine the maximal level of protection that could have been provided by the OprF vaccine. The vaccine was administered without adjuvant, and only two immunizations were given, with the result that on the day of challenge, the IgG antibody titer to protein F was only 640 and only 160 to cell envelopes of several of the heterologous strains. Still, significant cross-protection was observed against all heterologous strains. One cannot accurately conclude that the level of protection in humans in which an OPR vaccine is administered under conditions that maximize the protective response will be only as high as that observed in the mice in this study. OPR vaccines have been shown to afford significant protection in animal models of systemic infection and burn injury and in acute and chronic pulmonary infections with P. aeruginosa. These vaccines have been shown to elicit antibodies capable of affording passive protection against P. aeruginosa infection as do monoclonal antibodies against OPRs. Upon passive administration of OprF-OprI-antibodies in SCID mice, protection values were obtained, which were comparable to protection values obtained with serotype-specific LPS-antibodies (53) . Antibodies elicited by OPR vaccines are opsonic and bind complement, as confirmed again for humans by the present study. Furthermore, in certain clinical situations, such as in the immunotherapy of pulmonary infections in children with cystic fibrosis, OPR vaccines appear to have much greater potential for successful use than LPS O-antigenic vaccines. The emergence of LPS rough strains in the lung with cystic fibrosis that would make LPS vaccines ineffective should increase the accessibility of antibodies to OPRs to their surface protein targets. The preponderance of available evidence strongly suggests that OPR vaccines will be successful for use in humans. A definitive answer to this question can be obtained only from a clinical trial in patients. A phase 3 trial in burn patients was therefore begun at the end of 1998.
